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Abstract. We describe and apply a method for estimating uplift rate his-
tories from longitudinal river profiles. Our strategy is divided into three parts.
First, we develop a forward model, which calculates river profiles from up-
lift rate histories. Height variation along a river profile is controlled by up-
lift rate and moderated by the erosional process. We assume that the ero-
sional process can be represented by a combination of advection and diffu-
sion, which are parametrized using four erosional constants. Secondly, we have
posed and solved the geologically more interesting inverse problem: which
uplift rate history minimizes the misfit between calculated and observed river
profiles? The inverse algorithm has been tested on synthetic river profiles,
which demonstrates that uplift rate histories can be reliably retrieved. Our
tests show that the erosional process is dominated by advection (i.e. knick-
point retreat) and that changes in lithology and discharge play a secondary
role in determining the transient form of a river profile. Finally, we have in-
verted river profiles from a series of African topographic swells, namely the
Bie´, South African, Namibian, Hoggar and Tibesti domes. Fits between cal-
culated and observed river profiles are excellent. Calculated uplift rate his-
tories suggest that these domes grew rapidly during the last 30–40 million
years. Uplift rate histories vary significantly from dome to dome but cumu-
lative uplift histories agree closely with independent geologic estimates.
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1. Introduction
Convective circulation of the mantle generates dynamic topography at the Earth’s sur-
face. Conversely, the spatial and temporal pattern of dynamic topography holds impor-
tant clues about the physics of convective circulation, which could be difficult to obtain
in other ways. Reliable estimates of dynamic topography are hard to obtain for two
principal reasons. First, uplift and subsidence of the Earth’s surface are predominantly
caused by changes in crustal and lithospheric thickness; isolating a small dynamic signal
is not straightforward. Secondly, erosion isostatically amplifies uplift and the resultant
denudation is notoriously difficult to measure with an accuracy of better than hundreds of
metres. Denudation is often measured using either radiogenic methods (e.g. cosmogenic
surface exposure, fission track analysis) or sedimentary compaction methods (e.g. acoustic
velocity calculations). In both cases, there are significant trade-offs between denudation
and other parameters (e.g. temperature gradient, initial porosity). Many estimates are
spot measurements with poor spatial resolution and there is a pressing need for methods
which allow large-scale patterns of dynamic topography to be identified. Away from col-
lisional mountain belts and regions affected by magmatic underplating, long-wavelength
surface uplift is a reasonable proxy for convective processes beneath the lithospheric plate.
The history of a landscape should therefore contain useful information about convective
processes.
Here, we explore how longitudinal river profiles can be used to estimate spatial and
temporal changes in surface uplift on a continent-wide scale. The morphology of the
Earth’s surface is a complicated response to the history of uplift rate and many numerical
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experiments, which simulate the development of topography and drainage following uplift,
have been formulated. Davis [1899] suggested that mountain belts were built by a discrete
pulse of uplift and that landscapes went through distinct phases of ‘youth’, ‘maturity’ and
‘old age’. Subsequently, Penck [1953, 1972] described a model of landscape development
in which surface topography responds to a sustained period of waxing and waning uplift.
It has been recognised that surface topography does not grow indefinitely but is limited
by erosional processes and by lithospheric strength [Hack , 1975; Molnar and Lyon-Caen,
1988; England and Jackson, 1989]. In contrast to the models of Davis and Penck, these
authors asserted that substantial rock uplift rates can be sustained over significant periods
of time, and that, with appropriate boundary conditions, a landscape can reach steady
state equilibrium. In regions of active uplift, the configuration of drainage networks
ought to yield information about the temporal and spatial variation of uplift rates. In
tectonically stable regions where lithology is uniform, we expect drainage planforms to
form simple dendritic networks and drainage profiles to grade smoothly down to a reference
level (e.g. sea level). Departures from these simple patterns may provide important clues
about the history of uplift rate. Unfortunately, spatial and temporal changes in, for
example, basin relief, drainage area, run-off, mean temperature and lithology present
important complications [Hovius , 1998; Whipple and Tucker , 1999; Peizhen et al., 2001;
Syvitski and Milliman, 2007].
Recent studies have laid the groundwork for extracting rock uplift rates from the shape
of a landscape by exploring the theoretical response of channels to variations in rock uplift
rate and by analyzing longitudinal river profiles in regions where tectonic uplift rates can
be independently estimated [Whipple and Tucker , 1999, 2002; Snyder et al., 2000; Kirby
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and Whipple, 2001; Lague and Davy , 2003]. In this way, older qualitative models of
landscape development have been replaced by quantitative models, which simulate the
complicated interaction between landscape growth and erosion on various scales [Kooi
and Beaumont , 1994; Whipple and Tucker , 1999; van der Beek et al., 2002; Baldwin
et al., 2003]. Against this theoretical and empirical backdrop, there is uncertainty about
what can be learnt from river profile analysis. No standard methodology for extracting
tectonic information from drainage networks and river profiles exists. Slope-area analyses
are often used to extract concavity indices from river profiles and to gauge the degree
of equilibration [Schoenbohm et al., 2004; Wobus et al., 2006a]. However, this approach
cannot easily be used to determine uplift rate histories.
Over the last 30–40 Myrs, the African landscape has been sculpted by phases of both
regional and continent-wide uplift, which are controlled by the changing pattern of con-
vective circulation beneath the lithospheric plate [Burke and Gunnell , 2008]. An obvious
manifestation of regional uplift is the distribution of magmatic and amagmatic domes
which pepper the interior of the continent (Figure 1). River profiles from a selection of
these domes have a range of shapes, which probably reflect temporal and spatial changes
in tectonic uplift (Figure 2). For example, the Hoggar dome started to grow 30–35 Myrs
ago whereas the Bie´ dome grew rapidly over the last 5–10 Myrs, which may account for
substantial differences between the two sets of river profiles [Burke, 1996].
Our immediate goal is to develop an inverse algorithm which will permit the history of
uplift rate to be estimated from a given river profile. We recognise that there are major
obstacles. The most important problem concerns the way in which erosion modulates
an uplift signal through time and space. The history of erosion depends in turn upon a
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range of poorly understood processes (e.g. lithologic response, changes in channel width,
discharge). We have divided our treatment into three steps. First, we construct a forward
model, which calculates river profiles from uplift rate histories. Our forward model is
closely based upon published models and we assume that erosion along a river profile is
controlled by a combination of knickpoint retreat and diffusion. We explore the parameter
space of this forward model and show that it is sufficiently flexible to fit the range of
observed river profiles. Secondly, we develop an inverse algorithm which calculates uplift
rate histories by minimizing the misfit between calculated and observed river profiles.
This algorithm has been tested on synthetic river profiles, which demonstrates that uplift
rate histories can be reliably retrieved. Thirdly, we have used our inverse strategy to
extract uplift rate histories from rivers, which drain regional domes in Africa.
2. A Forward Model
We require a model which calculates the shape of a river profile as a function of uplift
and erosion. It is important that this model is simple enough to capture the essence
of the problem. At the same time, it should be sufficiently general to reproduce the
complete range of observed river profiles (e.g. Figure 2). Here, we describe a forward
model which is similar in many respects to published models, although our formulation
differs (e.g. Howard et al. [1994]; Rosenbloom and Anderson [1994]; Whipple and Tucker
[1999, 2002]; Humphrey and Konrad [2000]; Snyder et al. [2000]; Willgoose [2005]; Bishop
[2007]; Gasparini et al. [2007]; Whittaker et al. [2008]). We assume that changes in height
along a river profile are mainly controlled by the history of uplift rate. For simplicity,
we assume that the planform of a river profile does not significantly change, that river
capture does not occur, that the reference level down to which the river flows is constant,
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and that the origin of the river source is fixed. The rate of change in elevation, ∂z/∂t,
along the profile is given by
∂z
∂t
= U(x, t) + E(x, t), (1)
where U and E are the rates of uplift and erosion, respectively. In general, U should vary
with time and space but we will assume that U is a function of time alone. E acts to lower
the height of the river profile and the form that it should take is less clear. We follow
Whipple and Tucker [1999], Rosenbloom and Anderson [1994] and others who assume that
E varies as a function of t and x. Thus











n and m exert an important control on concavity of a river profile. n is typically 1–2. We
assume that xm is a proxy for the discharge of a river, where x is the distance along a river
[Hack , 1957; Weissel and Seidl , 1998]. Note that Whipple and Tucker [1999] use Amˆ as a
proxy for discharge, where A is the upstream drainage area at any position x. If drainage
area has an aspect ratio of ∼ 1 then mˆ ∼ 0.5m. mˆ is typically 0.35–0.6 (e.g. Schoenbohm
et al., 2004). For African river profiles, comparison of the two proxies show that our
simpler description is adequate; it has the important advantage of easy implementation.
If n = 1 and m = 0 then v is the advective (i.e. knickpoint) velocity. If n 6= 1 and m > 0,
the advective velocity is a non-linear function of local slope and distance along the river.
Together, n, m and v control the value of the advective term, which governs the transient
form of a river profile and its knickpoint velocity. This term represents the detachment-
limited system discussed by Whipple and Tucker [2002]. Crosby and Whipple [2006] show
that knickpoint retreat velocities vary by 5 orders of magnitude (i.e. 1–104 cm/yr). Does
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the advective term need to be so complicated? Howard et al. [1994], Whipple and Tucker
[1999], and Tucker and Whipple [2002] suggest that the nth power of slope combined with
the exponent term m and variable v are required to fit the concavity and transient form
of river profiles. Rosenbloom and Anderson [1994] argue that if Playfair’s Law applies
(i.e. river valleys are proportional to river size and tributaries join trunk streams at the
elevation of the trunk stream) then n = 1 and m ∼ 2. m and n determine the transient
form of a profile and could vary from place to place.
Rosenbloom and Anderson [1994] observed that channel convexities relax with distance
upstream which suggests that river profiles erode synchronously along their length. This
observation prompts the inclusion of a diffusive term, which is a simplified form of the
transport-limited system [Whipple and Tucker , 2002]. κ is erosional diffusivity, which we
assume does not vary along the river profile.
The forward model outlined here is based upon a straightforward premise: longitudinal
river profiles are principally controlled by the history of uplift rate and on long timescales
(105–106 years) the moderating effects of erosion can be approximated by a combination
of advection and diffusion (Figure 3). There is considerable debate about the role that
different physical processes play in landscape evolution [Wobus et al., 2006b]. This debate
centers upon the relative role of intrinsic and extrinsic controls. The most obvious intrin-
sic controls are lithologic variation (i.e. rock composition, structural and stratigraphic
anisotropy) and changes in channel width. It is often assumed that changes in lithology
play a key role in determining, for example, profile slope and localization of knickpoints.
However, when we plot lithologic variation along individual river profiles, there is scant
evidence for a positive correlation between lithology and slope (Figure 2). Analysis of
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river profiles from the Bie´, South Africa, Hoggar and Tibesti domes shows that knick-
points and other changes in slope rarely correlate with significant lithologic boundaries
(Figure 4). In some instances, correlation is in the opposite sense to that expected. A lack
of positive correlation is both surprising and puzzling. One possible explanation is that,
regardless of their intrinsic strength, different rock types probably fracture, weather and
erode on timescales of 100–106 years. On timescales relevant to river profile development,
regolithic strength may be more important than lithologic composition. We are reluctant
to parameterize lithologic variation and include it in our forward model since the empirical
observations summarized in Figures 2 and 4 indicate that there is no compelling reason
to do so.
Effects of channel width changes are much discussed (e.g. Turowski et al., 2006; Amos
and Burbank , 2007). The theoretical and experimental response of a river channel, which
experiences an increase in incision rate, is channel narrowing and deepening. This change
increases bed shear stresses along the channel floor and sides, which enhances the erosion
rate [Turowski et al., 2006]. Similarly, if uplift occurs, the channel also adjusts by narrow-
ing and stream power increases until a threshold limit is attained and slope adjustment
becomes the dominant equilibrium mechanism. Numerous examples show the expected
correlation between increased uplift rate and channel width [Snyder et al., 2000; Lave´ and
Avouac, 2001; Duvall et al., 2004]. Nevertheless, it is unclear where and when channel
constriction actually occurs. On the spatial and temporal scales of interest to us, channel
constriction is probably a rapid and transient process (e.g. 103 years: Amos and Burbank
[2007]) and we have not explicitly included this effect in our model.
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The two most important extrinsic controls are changes in rate of uplift and changes in
climate. Uplift rate history is obviously of direct importance and is our primary inter-
est. Climatic changes might be important but it is less obvious how these changes can
be satisfactorily parameterized. Two tangible factors are directly controlled by climate:
weathering and discharge. Weathering affects integrity of the rock mass and controls re-
golith formation but, as we have seen, empirical observations suggest that river profile
shapes are not primarily governed either by lithology or by degree of weathering (compare
river profiles from the Hoggar and Bie´ domes; Figure 2). Discharge controls stream power
but it is probable that the integrated discharge along a river profile over long timescales
(∼ 106 years) is more relevant than instantaneous discharge. Although it is undoubtedly
necessary to exceed a given threshold of discharge before significant channel slope adjust-
ment occurs (e.g. Snyder et al., 2003 ), mature river channels often occur in arid regions
where discharge is highly intermittent. Conversely, immature channels can occur in trop-
ical regions where discharge is less variable. There is little information about discharge
as a function of geologic time; present-day (i.e. instantaneous) discharge is probably an
unreliable guide. If integrated discharge is important, then a simple parameterization of
discharge is probably justifiable. In our forward problem, one such model of discharge is
implicit (i.e. xm) but we readily acknowledge that other models could be used.
In its general form, Equation (1) is not amenable to analytical attack, although dimen-
sional analysis provides general insight (Appendix A). We have solved Equation (1) using
standard finite-difference techniques. To achieve stability and accuracy, we have used an
operator splitting technique, which combines the Crank-Nicolson and upwind differencing
schemes (see Appendix B for details).
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3. The Inverse Problem
From a geologic perspective, we are primarily interested in solving the inverse problem:
what is the smoothest uplift rate history, U(t), which yields the best fit between calculated
and observed river profiles? We will first assume that the four erosional constants (i.e. v,
m, n, κ) are known. During inversion, different distributions of U(t) are used to calculate
river profiles which are then compared to the observed river profile. In our starting model,
U(t) = 0 and z(x) = 0 (i.e. there is no topography). U(t) is systematically varied until
calculated and observed river profiles agree within error. To implement this scheme, U(t)
is parameterized by selecting M discrete values, Uk, with a time interval of δt where δt
is typically 1–5 Myrs. The optimal values of Uk are interpolated to determine U(t). To
stabilize the inversion algorithm, smoothing is imposed upon U(t). Since this problem is
non-linear and since all values of U should be greater than zero, we choose to minimize a





































i are the observed and calculated river elevations, respectively. N is the number
of data points. W1, W2 and W3 are weighting coefficients. U
′′
k are estimates of the second
derivative of U generated by cubic spline interpolation. The last term is given by
f1 =
{
cosh(Uk)− 1 : U < 0
0 : U ≥ 0 (4)
The first term on the right-hand side of Equation (3) is zero when calculated and observed
values of zi agree for an entire river profile. Dividing the difference between them by σi,
the variance, ensures that each term in the summation has unit variance. The second and
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third terms cause U(t) to be smooth, and the fourth term is a positivity constraint. The
results discussed below were obtained usingW1=0.01,W2=0.01 andW3=0.001. Changing
these weighting coefficients, even by several orders of magnitude, does not significantly
affect our conclusions. A conjugate gradient search method is used to minimize H [Press
et al., 1992].
This algorithm has been applied to synthetic data generated by forward modelling,
which enables us to assess the robustness of the inverse calculation (Figure 5). For per-
fect data, calculated distributions of U(t) match forward-modelled inputs. Progressively
discretized data with added random noise have also been inverted and demonstrate that
stable results can be obtained, although the algorithm’s ability to recover the amplitude
and phase of high-frequency uplift rate variations progressively deteriorates.
When an acceptable solution is found, it is important to examine the trade-off between,
and resolution of, model parameters. The first step is to check how the misfit function
varies with v, m, n and κ. Figure 6 shows misfit functions for two synthetic river profiles
(youthful and mature). In each case, uplift rate history is kept fixed and the misfit
function is calculated by varying v, m, n and κ. κ is usually poorly constrained which
suggests that transport-limited erosion plays a minor role in river profile development,
contra Rosenbloom and Anderson [1994]. However, there is a significant effect on misfit
when κ>107 (i.e. Pe¿1, Appendix A). v is also not very well constrained and in fact
its purpose is to ensure that the advective term is dimensionally correct. Nonetheless,
misfit does vary with v and it is important to include v in the inversion algorithm. The
variation of misfit as a function of the exponents m and n is of interest. m is always
tightly constrained; there is negative trade-off with v as expected but this trade-off only
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becomes really significant when v is very small. n is, to some extent, weakly determined
and trades off positively against both v and m [Tomkin et al., 2003]. Thus m is the best
constrained parameter. For youthful river profiles, m has a weak lower bound because m
dominates the advective term and displaces a knickpoint further upstream at any given
time. If m is too large, the advective velocity is too high and immature profiles cannot be
adequately fitted. If m is too small, the advective velocity is low but immature profiles
can still be fitted reasonably well, yielding a low misfit. For mature river profiles, m has
a weak upper bound because large values of m can more easily generate mature river
profiles.
How robust are the recovered values of U(t)? For the inverse calculations shown in
Figure 5, we have chosen values of the erosional constants, which yield reasonable knick-
point retreat velocities (i.e. v = 50 m(1−m) Myr−1, m = 0.5, n = 1 and κ = 5 × 104
m2 Myr−1; Crosby and Whipple, 2006). n could be greater than 1 but it is unlikely to
be very large since there is no clear evidence that knickpoint retreat exhibits shock-wave
behavior. Note that our value of m is smaller than published values. How do changes in
v, m, n and κ affect recovered distributions of U(t)? Monte Carlo simulation is a robust
way of mapping parameter uncertainties into model uncertainties. Each river profile has
been inverted 50 different times. At the start of each run, v, m, n and κ were randomly
assigned values from bounded ranges. At the end of each run, the resultant uplift rate
history was deemed acceptable provided that the fit between the calculated and observed
river profiles was good. In this way, uncertainties in the four erosional parameters are
mapped into uncertainties in the uplift rate histories. An average uplift rate history and
its uncertainty was calculated by summing acceptable uplift rate histories. Monte Carlo
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simulations of synthetic and observed river profiles have produced two significant results
(Figure 7). First, the chosen bounds for v, m, n and κ must be narrowly defined: oth-
erwise acceptable fits between calculated and observed river profiles cannot be obtained.
These bounds are narrower than, but broadly consistent with, published ranges. Secondly,
recovered uplift rate histories, U(t), are usually better resolved toward the present day.
It is important to emphasise that river profiles contain no direct information about the
timescale of uplift and that U(t) depends upon values of the four erosional constants.
Values of these constants must be carefully chosen, preferably by calibration in regions
where there is geologic information about uplift. Independent estimates of cumulative
uplift histories often exist (e.g. Burke and Gunnell , 2008). Optimal values of erosional
parameters are obtained by trial and error, the main criteria being goodness of fit and
fidelity of calculated uplift history.
4. Africa
We have picked five sets of African river profiles to test and calibrate our inversion
algorithm. Of all the continents, Africa most clearly illustrates the relationship between
convective circulation and dynamic topography [Burke, 1996; Burke and Gunnell , 2008;
Al-Hajri et al., 2009]. There are two reasons for this manifestation. First, Africa is mostly
surrounded by passive extensional margins and complications associated with orogenic
changes in surface elevation are largely absent. Secondly, the African plate is probably
stationary with respect to the underlying circulation, which helps to simplify the topo-
graphic expression of convective circulation [Hartley et al., 1996]. Nyblade and Robinson
[1994] have shown that a large region, which encompasses sub-equatorial Africa and in-
cludes the surrounding oceanic floor, is anomalously elevated by ∼ 500 m. Beneath this
D R A F T September 17, 2009, 6:09pm D R A F T
ROBERTS AND WHITE.: UPLIFT RATES FROM RIVER PROFILES X - 15
region, seismic tomographic imaging indicates that there is a low velocity anomaly cen-
tered at 25◦ S, 25◦ W and located in the lower mantle [Ritsema et al., 1999]. This anomaly
is probably caused by a gigantic thermo-chemical plume.
Topographic swells of various shapes and sizes dominate the African landscape and it
is thought that these features are convectively supported. Long-wavelength (500–1000
km) free-air gravity anomalies, which are indirectly generated by density variations in the
upper mantle, and the results of higher mode surface wave tomography help to gauge
the amplitude and wavelength of convectively supported topography (Figure 1; Al-Hajri
et al., 2009). In North Africa, the Hoggar and Tibesti magmatic swells are elevated by
∼0.5–1 km. Within the region defined by Nyblade and Robinson [1994]’s superswell, large
amagmatic domes occur (e.g. Bie´, Namibian, South African). Free-air gravity anomalies,
low velocity seismic anomalies, and inferred dynamic topography are corroborated by the
unusual physiography and hypsometry of sub-equatorial Africa [Burke, 1996].
The ages of these different swells are debated and their uplift rate histories are not
accurately known. A simultaneous outbreak of volcanic activity throughout the African
Plate at ∼ 30 Ma, together with increased sedimentation rates within offshore deltas and
the recontructed elevation of a Late Cretaceous surface suggest that the modern African
landscape was largely sculpted during the Neogene period [Sahagian, 1988; Burke, 1996;
Leturmy et al., 2003; Walford et al., 2005]. Therefore, our assumption that z(x) = 0 (i.e.
no topography) before Neogene times is reasonable. Drainage networks of these swells are
typically radial but river profile shapes differ considerably from swell to swell (e.g. Figure
2). Here, we use the inverse algorithm to model river profiles from five swells. Our aim
is twofold. First, we want to determine how well a wide variety of river profiles can be
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fitted. Secondly, we want to predict uplift rate histories and compare our results with
published estimates.
For each swell, a digital elevation model was created using the Shuttle Radar Topo-
graphic Mission (SRTM) dataset [Farr et al., 2007]. We ensured that this model was
hydrologically sound by removing anomalous spikes and sinks. A drainage network was
extracted using a standard flow-routing algorithm, which identifies the direction of steep-
est decent (i.e. flow direction) from each cell in the digital elevation model. The number
of cells upstream of any given cell is calculated and a threshold drainage area determines
the minimum number of cells, which contribute to the initiation of overland flow. The
calculated position of a river source is checked using satellite data. SRTM data have cell
sizes of 90×90 m, which have been benchmarked against GPS measurements on spatial
scales of 101–106 m. These tests suggest that the vertical and horizontal accuracy of
each cell is ±16 m and ±20 m, respectively [Hancock et al., 2006; Farr et al., 2007]. We
have checked the accuracy of planform drainage using satellite imagery which indicates
that maximum discrepancy is <500 m. The vertical resolution of the extracted longitu-
dinal river profiles was checked in a separate study of the Chania region in Crete, where
mean vertical discrepancies are ±30 m (B.Shaw, written communication, 2009). Vertical
resolution decreases to several hundred meters for narrow (< 90 m), deep channels.
We have avoided modeling river profiles where analysis of the digital elevation model
indicated drainage reorganization (e.g. river capture, channel switching, back-flow along
pre-existing drainage networks). We have also concentrated on modeling short river pro-
files which drain to nearby coastlines. There are compelling reasons for these restrictions.
First, it ensures that the reference level (i.e. sea level) is known. Rivers which drain
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internally may have a changing reference level which complicates matters. For example,
the southeastern edge of the Bie´ dome drains into the Okavango delta, which is ∼ 1 km
above sea level. Miller et al. [2005] show that the long-period variation in sea level during
Neogene times is less than 100 m. This variation is one order of mangitude less than
inferred amounts of cumulative uplift [Burke and Gunnell , 2008]. We have not included
sea-level variation in our model. Secondly, long river profiles often cross different swells
and depressions and ought to be modeled by allowing uplift rate histories to vary as a
function of time and space.
It is important to consider how river discharge could be affected by changes in climate.
Although the reconstruction of the Cretaceous-Cenozoic paleoclimate of Africa is fraught
with uncertainty, much of the African continent appears to have been eroded to a height
of less than 500 m by Late Cretaceous-Paleocene times. Extensive laterite and bauxite
horizons developed, especially in West Africa, which suggest that intense weathering of a
low lying continent under a humid and tropic setting. During Early Oligocene times, the
climate changed. Until ∼2.8 Ma, the southern part of Africa was arid. The northern and
southeastern coasts of Africa were probably wetter. A region encompassing the Hoggar
and Tibesti domes was subjected to seasonal rainfall. Establishment of the Sahara Desert
at 2.8 Ma is manifest by an abrupt increase in the proportion of dust-borne sediment in
deep-sea cores. The Hoggar and Tibesti domes were drier during this period [Partridge
and Maud , 1987; Burke, 1996; de Wit , 1999;Miller et al., 2005; Burke and Gunnell , 2008].
Today, these domes have a rainfall of∼50 mm a−1. The Bie´ Plateau is much wetter (>1200
mm a−1) while the Namibia and South Africa domes have intermediate precipitation (>400
mm a−1 and >800 mm a−1, respectively; Nicholson, 2000). Thus instantaneous discharge
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has varied considerably during Cenozoic times. Integrated discharge is probably more
significant but it is difficult to calculate this important quantity with any certainty.
4.1. Bie´ Plateau
The Bie´ Plateau reaches elevations of >2500 m, producing some of the steepest, highest
and most sharply defined parts of the Great Escarpment (Figure 8). Jackson et al. [2005]
argue it is difficult to ascribe these elevations to anything other than Cenozoic uplift,
given the implausibility of preserving topography which dates from the time of continental
break-up at 120 Ma and given the lack of comparable uplift further north. Sahagian [1988]
estimated the shape of the Cenomanian depositional surface from Cretaceous shoreline
deposits and inferred that 2–3 km of uplift has occurred. Jackson et al. [2005] report
30◦–40◦C of sample cooling north of the Malanje Horst (∼8◦S) from fission track analysis
of Precambrian apatites and they suggest that 1–1.5 km of exhumation occurred during
Neogene times along the Precambrian rim of the Kwanza Basin. If their sample sites
had the same paleodepth as the interior mountains prior to Neogene uplift, then these
mountains could have been uplifted by 2.5 km. The Bie´ dome intersects the African
coastline where stratal geometries are consistent with uplift and denudation of a deltaic
sedimentary succession. Al-Hajri et al. [2009] argue that the dome grew rapidly within
the last 5 Myrs since Pliocene foreset strata are truncated against the sea bed along the
coastal shelf and uplifted within onshore cliff sections. Estimates of uplift determined from
seismic stacking velocities confirm that a major phase of uplift (0.5–1 km) occurred in post-
Pliocene times [Leturmy et al., 2003; Lucazeau et al., 2003; Al-Hajri et al., 2009]. Offshore,
the solid flux of sediment increases dramatically after 5 Ma [Lucazeau et al., 2003]. Walford
et al. [2005] suggest that domal growth triggered a massive Plio-Pleistocene increase of
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solid sedimentary flux into the Congo and Zambezi deltas. This post-Pliocene uplift
event is in close agreement with present-day estimates of dynamic topography calculated
from the long wavelength gravity anomaly, with the results of higher mode surface wave
tomography, and with age-depth residuals of nearby oceanic crust [Al-Hajri et al., 2009;
Winterbourne et al., 2009].
Burke [1996] shows that an Oligo-Miocene unconformity can be traced around much
of sub-equatorial Africa. Offshore Angola, the pattern of incision, the inferred magni-
tude of denudation, and the fact that the Oligo-Miocene unconformity separates pelagic
carbonates from overlying terrigenous siliclastic sedimentary rocks all suggest a link with
onshore uplift [Cramez and Jackson, 2000; Jackson et al., 2005]. Stratal geometries and
seismic stacking velocities along the West African coastal shelf are consistent with this
Middle Oligocene event. Although there is no obvious relationship between the pattern
of Oligocene uplift and present-day dynamic topography, an increase in solid sedimentary
flux observed in the Congo and Zambezi deltas at 30–35 Ma supports the existence of this
earlier phase of uplift.
Leturmy et al. [2003] recognized that river profiles which drain the Bie´ Plateau are highly
immature: they are invariably convex upward with low upstream gradients, which suggests
either that uplift has been recent or that profile erosion has been negligible. Dramatic
knickpoints observed on these profiles do not coincide with lithologic changes and instead
they are more likely to reflect uplift events. We have inverted three river profiles (Figure 8).
Excellent fits between observed and calculated river profiles were obtained. The resultant
uplift rate histories suggest that a significant phase of uplift (∼ 0.5 km) occurred within
the last 10 Myrs. There is also evidence for a modest (∼ 200 m) phase of uplift at 20–30
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Ma. Uplift rates calculated by inverting the Cuvo river suggests 0.4–0.5 km of uplift from
∼30–18 Ma followed by 1.2–1.4 km of uplift from 5–0 Ma. Modeling of the Longa river
indicates that ∼0.5 km of uplift from 30–17 Ma was followed by 1.2–1.3 km of uplift from
12–7 Ma. Modeling of the Cuanza river requires phases of uplift at 20–30 Ma and at
10–5 Ma. Our results agree with Pliocene and Oligo-Miocene uplift events inferred from
onshore and offshore sediment geometry (Figure 13). A late 0.5–1.0 km increase in uplift
amount is consistent with the spatial distribution of dynamic topography predicted from
the long-wavelength gravity field if an admittance of 40 mgal km−1 is assumed [Al-Hajri
et al., 2009].
4.2. South African Swell
Ages of the Drakensberg Escarpment and of the elevated topography of South Africa are
hotly debated. Brown et al. [2002] used fission track data to determine the denudational
history across the escarpment. They propose an Early Cretaceous episode of accelerated
denudation, which is broadly coincident with continental break-up and suggests that 3 km
of denudation occurred between 90 and 70 Ma. Critically, Neogene uplift is not invoked
to account for the present-day high topography of South Africa. In direct contrast, King
[1962], Partridge and Maud [1987], Burke [1996], Partridge [1998] and Burke and Gunnell
[2008] all argue that warping of erosional surfaces, elevated Cretaceous shoreline deposits,
immature river profiles and offshore sedimentation are entirely consistent with youthful
South African topography. By inference, topographic features formed during continental
break-up are assumed to have been rapidly eroded. The present-day elevation of South
Africa together with retreat of the Drakensberg Escarpment (∼1000–10000 m/Myr) are
attributed to >1 km of Cenozoic uplift.
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Although there are differences in terminology and emphasis, Partridge and Maud [1987]
and Burke and Gunnell [2008] agree that South African topography was negligible by Pa-
leogene times. A gentle pediplain with an elevation of ∼ 500 m, referred to as the African
Surface, is thought to have extended across the region. During Early Miocene times, 150–
300 m of uplift is inferred from an increase in offshore sedimention. A second erosional
surface then developed, which is usually called the Post-African I Surface. Partridge and
Maud [1987] suggest that a later erosional cycle produced the Post-African II surface,
which developed after a Pliocene phase of uplift. This last phase raised the eastern inte-
rior of South Africa by as much as 900 m. The Post-African II erosional cycle is manifest
chiefly by deep incision of the coastal hinterland and by down cutting of major rivers.
The resulting sedimentation is evident mainly in the offshore deltas of the major rivers.
Preservation of discrete erosional surfaces and escarpments attests to the episodic na-
ture of Cenozoic uplift. Finally, Sahagian [1988] estimated the shape of the Cenomanian
depositional surface and inferred a post-Cretaceous regional uplift of 2–3 km.
In more detail, classic geomorphologic observations show that the Post-African I surface
is gently folded, which indicates that Pliocene uplift was concentrated along virtually the
same axis as Miocene uplift. Based on deformation of earlier surfaces, convex-upward
river profiles, and elevation of Early Pliocene marine sedimentary rocks, Partridge and
Maud [1987] and Partridge [1998] suggest that uplift along the Ciskei-Swaziland axis
varied from 600–900 m, declining to 200 m in the Oudtshoorn area and to 100 m or
less in the hinterland of the west coast. Concentration of uplift in the eastern part of
South Africa greatly accentuated the elevation and tilting imparted by Miocene uplift.
A Pliocene uplift event is corroborated by an increase in solid sedimentary flux into the
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Limpopo delta and into the deeper oceanic basins. A long-wavelength positive free-air
gravity anomaly is centered on the region with the highest uplift rates, which suggests
that convective circulation beneath the lithospheric plate is responsible for changes in
uplift throughout Neogene times.
We have inverted the Camperdown, Umtentu and Bashee rivers in order to determine
their uplift rate histories (Figure 9). These river profiles intersect the southeastern edge
of the putative dome. The Camperdown river flows through the region of maximum
Cenozoic uplift suggested by Partridge and Maud [1987]. Inversion of this profile indicates
that 1.2 km of uplift occurred in Oligocene to Early Miocene times. A later uplift event
with an amplitude 1.2 km began 10 Ma and continues to the present day. Inversion of
the Umtentu river suggests continuous uplift since Late Eocene times, punctuated by
a period of slightly slower uplift rate between 20 Ma and 8 Ma. Finally, the Bashee
river, flowing south of the maximum Cenozoic uplift, suggests that uplift began at 30 Ma
and continued to the present day. Thus timing of uplift calculated by inverting South
Africa’s rivers broadly agrees with independent estimates of uplift. The ∼35–20 Ma stage
of increased uplift rate predicted by inverting South Africa’s rivers is greater than that
suggested by Partridge [1998]. If 0.5–0.6 km of pre-Cenozoic elevation existed across
South Africa, as they suggest, the uplift amount predicted by inverting these three rivers
would correlate with their independent constraints (Figure 13).
4.3. Nambian swell
Sahagian [1988] reconstructed a Cenomanian depositional surface which suggests that
2–3 km of epeirogenic uplift occurred after ∼95 Ma in Namibia. Fission track analyses of
basement rocks from the Kaoko formation indicates a long-lived cooling history since Early
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Cretaceous times [Luft et al., 2003]. Thermal modelling of these tracks isolates two periods
of cooling: an Eocene-Oligocene (50–30 Ma) event and an accelerated period of cooling in
Miocene times (∼25–5 Ma). These cooling events correlate with the main stratigraphic
discontinuities within the Walvis Basin [Bray et al., 1998; Bray and Lawrence, 1999; Luft
et al., 2005]. Luft et al. [2003] interpret the Cenozoic cooling events as indicative of gentle
uplift of the continental margin, the age of which can be correlated with increased uplift
rate predicted by inverting the Khan, Omaruru and Ugab rivers of Namibia (Figure 10).
Gallagher and Brown [1999]’s interpretation of apatite fission track data across Namibia
suggests increased denudation from 70 Ma up to the present, although they note that
the most recent (<20 Ma) chronology is suspect due to uncertainties in extrapolating
fission track annealing models to low temperatures and long timescales. An increase
in denudation from ∼50 Ma to the present day is not obviously reflected in offshore
sedimentary flux [Gallagher and Brown, 1999]. Nevertheless, offshore basins (e.g. Walvis,
Luderitz) do have Cenozoic sedimentary sequences which are up to 1 km thick [Maslanyj
et al., 1992; Bray et al., 1998]. Bray and Lawrence [1999] suggest that the lack of proximal
accommodation space has triggered deposition of Cenozoic sediments in deeper basinal
areas south of the Walvis ridge.
Three rivers drain the Namibian dome to the west coast: the Khan, Omaruru and Ugab
rivers (Figure 10). All three profiles are remarkably linear as a function of distance and
inversion suggests that uplift started at 30 Ma and increased linearly with time. The
cumulative amount of uplift decreases northwards. Maximum cumulative uplift occurs
close to the Khan river and the smallest amount occurs adjacent to the Ugab river.
Increased northward uplift rate during the last 50 Ma corroborates the spatial variation in
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the amount of denudation during the Cenozoic inferred from analysis of fission track data
[Gallagher and Brown, 1999; Luft et al., 2005]. Inversion of Namibia’s rivers corroborates
Burke [1996]’s suggestion uplift rates increased from ∼30 Ma (Figure 13). To what extent
are is the linear form of these river profiles controlled by climate? Namibia may have
been arid since 34 Ma and there is evidence which suggests that aridity increased at 2.2
Ma [Dupont et al., 2005; Burke and Gunnell , 2008]. Nevetheless, intermittent discharge
does occur along the Khan, Omaruru and Ugab rivers. It is possible that aridity has
contributed to the linearity of these profiles but we appeal to the consistency of our
results.
4.4. Hoggar and Tibesti Swells
The Hoggar and Tibesti domes are characterized by Cenozoic volcanism and both have
roughly the same elevation and morphology (Figure 1). These domes are manifest by
broad swells, some 1000 km across, with basement elevations of 300–400 m on their
flanks rising to 1000–1200 m in the center. Long-wavelength positive free-air gravity
anomalies and low speed surface wave tomographic anomalies are suggestive of low sub-
plate densities. It is generally thought that these domes are supported by anomalously
hot asthenosphere which upwells beneath the lithosphere [Lesquer et al., 1989; Wilson
and Guiraud , 1992; Al-Hajri et al., 2009].
The uplift histories of the Hoggar and Tibesti massifs are poorly constrained [Wilson
and Guiraud , 1992]. During Cenomanian times (100–94 Ma), a Trans-Saharan seaway
stretched across much of North Africa: mixed clastic and carbonate facies of Cenomanian
age, which is possibly of marine origin, outcrop near the center of the Hoggar dome.
Sahagian [1988] has used the distribution of shoreline deposits to calculate a Cenomanian
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surface which suggests that post-Cenomanian uplift of Hoggar and Tibesti was 2–3 km.
Significant Neogene uplift of the Hoggar dome is inferred from the temporal distribution
of magmatic activity [Wilson and Guiraud , 1992; Burke, 1996]. Magmatism peaked in
Miocene times and persisted until Quaternary times [Thorpe and Smith, 1974; Ashwal
and Burke, 1989; Wilson and Guiraud , 1992]. Its spatial distribution is consistent with
the locus of long-wavelength gravity and tomographic anomalies [Wilson and Guiraud ,
1992]. These observations suggest that a thermal anomaly initiated beneath the Hoggar
dome in Late Cretaceous-Eocene times and that this anomaly has decayed since the peak
of volcanic activity in Miocene times. In the Tibesti region, Wilson and Guiraud [1992]
suggest that an intense phase of volcanism started in Middle Eocene times.
Observed and calculated river profiles for the Hoggar and Tibesti domes are shown in
Figures 11 and 12. Choosing a suitable reference level for these river profiles is problematic
since we are far from any coastline and at an average elevation of 200–400 m. There is
no guarantee that this elevation has remained constant during domal uplift. However,
the river profiles are relatively mature and we will assume that any knickpoints generated
outside of the region will have propagated back to the observed profiles. Therefore, we
tentatively choose a local reference level for each river profile which is given by the distal
profile height. The Hoggar river profiles are largely concave and do not exhibit rapid
changes in gradients. Inversion of these profiles suggests that uplift started in Eocene
times (40–50 Ma) and amounted to ∼0.2–0.5 km. During Miocene times, the Hoggar
massif was uplifted by an additional ∼0.4–0.6 km. Cumulative uplift appears to have
increased steadily with time and our values agree with the timing of uplift inferred from
a temporal history of magmatism and from regional uplift of the calculated Cenomanian
D R A F T September 17, 2009, 6:09pm D R A F T
X - 26 ROBERTS AND WHITE.: UPLIFT RATES FROM RIVER PROFILES
surface (Figure 13). The Tibesti river profiles show that most uplift (0.4–1.2 km) occurred
during Early Oligocene times (∼ 30 Ma). Uplift rates were almost one order of magnitude
faster than for the Hoggar dome. Since Early Miocene times, Tibesti has experienced more
modest rates of uplift which generated a cumulative uplift of <0.4 km. These results
are corroborated by the magmatic history which suggests that the main phase of dome
formation occurred at ∼ 30 Ma (Figure 13).
5. Discussion
We have shown that a wide range of river profile shapes can be accurately fitted by
varying uplift rate as a function of geologic time. Calculated uplift rate histories are
corroborated by independent geologic observations. We have found that erosion along
a river profile is dominated by knickpoint retreat. If n = 1, we infer that knickpoint
velocity is controlled by vxm where v = 50 m1−m Myr−1 and m = 0.5. Therefore, the
concavity index, mˆ/n, is 0.25. This value is smaller than the published range (0.35–0.6).
How does U(t) vary if larger values of m are used? In Figure 14, three sets of Monte Carlo
inversions have been carried out on the Cuvo River (Bie´ Dome). In each set, m = 0.7, 1.0
and 1.2. If v = 50, large residual misfits between calculated and observed river profiles
are obtained, which confirms that there is trade off between m and v (see Figure 6). If
v = 1.2×104 exp(−11m), residual misfits in all three cases are acceptable. Note that larger
values of m yield slightly larger residual misfits and slightly different uplift rate histories.
When m = 1.2, the younger uplift event is pushed closer toward the present day and the
older uplift event is smeared out. Provided an appropriate trade off relationship is used,
our results are not substantially altered. Finally, we have produced a convenient look-up
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chart which allows the timing of uplift events to be estimated from knickpoint position
(Figure 15).
Despite the success of our approach, we are aware that there may be serious objections
to the general application of a simple inverse model. These objections can be divided into
three categories. The first category concerns the drainage networks themselves. We have
assumed that a single river profile, extracted from a drainage network, is representative
of regional uplift. Preliminary work on the Bie´ Plateau suggests that consistent uplift
histories can be extracted from a combination of trunk and tributary profiles. We also
assume that the planform of a river remains fixed through time and space. In reality, rivers
probably grow toward future drainage divides. Complexities associated with drainage
planform such as meander and capture are also ignored. One way to deal with these
different problems is to generalize our inversion algorithm so that entire drainage networks
can be modeled.
A second category of objections concerns uplift rate histories and reference levels. We
have assumed that there is no pre-existing topography and that uplift is only a function
of time. Thus one-dimensional block uplift occurs and knickpoints are created at, and
propagate from, the reference level alone. In reality, pre-existing topography does occur
and uplift evidently varies as a function of time and space. The reference level can
change since sea level fluctuates although this effect is usually small when compared
with cumulative uplift. Most of these complications can be addressed by varying our
simplified boundary conditions. Spatial and temporal variation in uplift can be tackled
by generalizing our model to invert for U(x, y, t).
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The final category of objections is more contentious. How does the erosional process
affect our results? What about changes in climate, discharge and lithology? In our
view, erosion is a secondary process which modulates the effects of regional uplift. The
geomorphic community is understandably more interested in the erosion and transport of
rock and regolith. Thus uplift is often neglected or assumed to take a prescribed form.
Our results suggest that lithology and instantaneous discharge may play a less significant
role in governing the shape of a river profile. Instead, we suspect that integrated discharge
and the uplift rate history are the primary controls on the transient form of a river profile.
If our hypothesis is correct, drainage networks should yield valuable information about
the temporal and spatial pattern of uplift rate.
6. Conclusions
We present and test a one-dimensional inverse algorithm which calculates the uplift
rate histories from river profiles. This inverse model is deliberately simple: we assume
that the shape of a river profile is controlled by the uplift rate history and moderated
by the erosional process. This process is parameterized by a combination of advection
and diffusion which are determined by four constants. Sensitivity analysis suggests that
the inverse model is stable and and well-posed. We have applied this inverse approach to
African drainage patterns in order to constrain regional uplift rates. Results from the Bie´,
South Africa, Namibia, Hoggar, and Tibesti topographic swells agree with independently
determined uplift rate histories. A maximum uplift rate of 0.4 km Myr−1 was obtained for
the Bie´ Plateau. This value is consistent with estimates of transient convective support
[Rudge et al., 2008]. Our simple one-dimensional scheme can easily be generalised and
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applied to two- and three-dimensional topographic data. Uplift rate histories should yield
useful constraints for the evolution of dynamic topography.
Appendix A: Dimensional analysis





















where H and L are appropriately chosen scales of elevation and length, respectively. By

















This equation has an effective Pe´clet number which relates the rate of upstream advection









The value of Pe is strongly dependent upon local slope and distance along a river profile.
Appendix B: Numerical methods
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In its general form, the governing equation is not amenable to analytical attack and we
have solved it using a numerical scheme. First, distance, x, and time, t, are discretized so
that
xj = x◦ + j∆x, j = 0, 1, ..., J
tn = t◦ + n∆t, n = 0, 1..., N (B1)
To solve the diffusive term, we have used the Crank-Nicolson scheme which is second
















then Equation (B2) can be rewritten as
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If znj is known and z
n+1
j is an unknown vector of length J , then Equation (B4) can be
recast in matrix form. If xj = z
n+1
j then
x = A−1r (B5)
where the matrix A is given by
A =
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where values of γ are determined by the boundary conditions. It is straightforward to








b◦ c◦ 0 . . .
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. . . aJ−1 bJ−1 cJ−1













αznj+1 − αznj + 12αznj−1 for 1 ≤ j ≤ J − 1. The top and bottom rows of A are
used to apply boundary conditions.



















In practise, the steepest slope (znj+1 − znj )/∆x is used to set the step size required for
stability. The two numerical schemes are combined using the operator-splitting technique.
See Press et al. [1992] for further details.
Notation
z elevation of river [L].
x distance along river [L].
t time [T].
U uplift rate [L T−1].
E erosion rate [L T−1].
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v advective coefficient of erosion [L1−m
T−1].
m distance exponent, dimensionless.
mˆ distance exponent in literature, dimen-
sionless.
n slope exponent, dimensionless.
κ diffusive coefficient of erosion [L2 T−1].
σ variance of data [L].
W1 weighting coefficient, penalising slope
of U , dimensionless.
W2 weighting coefficient, penalising second
derivative of U , dimensionless.
W3 weighting coefficient, penalising nega-
tive U , dimensionless.
N number of measurements of z, dimensionless.
Uk value of U at discrete intervals, [L T
−1].
M number of Uk values, dimensionless.
z′ dimensionless elevation of river.
x′ dimensionless distance along river.
t′ dimensionless time.
U ′ dimensionless uplift rate.
H elevation scale [L].
L distance scale [L].
Pe Pe´clet number, dimensionless.
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Table 1. Units and range of parameters values used in this study.
Symbol Parameter Value Units
κ Diffusive coefficient of erosion 105–106 m2 Myr−1
v Advective coefficient of erosion 0.0125–60 m(1−m) Myr−1
n Slope exponent 1.0–1.1 dimensionless
m Distance exponent 0.4–1.2 dimensionless
t Time Myr
x Distance along river m
z Elevation of river m
U Uplift rate m Myr−1
E Erosion rate m Myr−1
L Distance scale 105–106 m
H Elevation scale 8000 m
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Figure 1. Map of Africa which shows long wavelength (> 800 km) free-air gravity anomalies
extracted from GRACE dataset [Tapley et al., 2005]. Blue, green and red shaded contours rep-
resent positive, zero and negative gravity anomalies, respectively. Contour interval = 5 mGal.
Pattern of long-wavelength gravity anomalies probably reflects the pattern of convective circu-
lation beneath the plate. Labelled boxes show topographic swells where river profiles have been
analyzed (see Figures 8–12): H=Hoggar, T=Tibesti, B=Bie´, N=Namibian and S=South African.
The nomenclature of Burke and Gunnell [2008] is used.
Figure 2. (a)–(d) Four representative longitudinal river profiles from a database of 74 rivers,
which drain topographic swells (see Figure 1). Each river profile was extracted from SRTM to-
pographic data using flow-routing algorithms from ESRI ArcView software. Solid black line =
longitudinal river profile; black, gray, white and red bars along base of each diagram = Precam-
brian basement, Paleozoic/Mesozoic sedimentary rocks, Cenozoic sedimentary rocks and mag-
matic rocks, respectively [Choubert and Faure-Muret , 1990]. Bed rock was divided into these
four categories based upon presumed erosional resistance.
Figure 3. Forward modeling of river profiles. (a) solid circles and line show discretized uplift
rate as a function of geologic time, which was used to calculate river profiles; (b) solid line shows
cumulative uplift as function of geologic time (i.e.
∫ t
0 Udt); (c) solid red line is river profile
calculated using uplift rate history shown in (a), where erosive response of river is dominated by
knick-point retreat (i.e. PeÀ1); (d) erosive response is dominated by a combination of knick-
point retreat and down-wearing (i.e. Pe∼1); (e) erosive response is dominated by down-wearing
(i.e. Pe¿1). See Appendix A for definition of Pe.
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Figure 4. Difference in tensile strength of rocks located along 54 river profiles, ∆σt, plotted
as a function of slope for sets of river profiles from African domes. σt is a measure of rock
erodibility [Sklar and Dietrich, 2001]. In each case, slope is measured along a river profile.
∆σt is estimated within a 2 km moving window and its maximum value is recorded. Crosses
= measurements of tensile strength difference for a given slope; white and gray fields denote
positive and negative correlation with slope, respectively. (a) Analysis of 10 rivers draining Bie´
dome (90,048 measurements); (b) 20 rivers from South Africa dome (177,389 measurements);
(c) 12 rivers from Hoggar dome (94,186 measurements); (d) 12 rivers from Tibesti dome (39,980
measurements). Note that in each panel, highest slopes do not correlate with large values of ∆σt.
There are also numerous locations where slope negatively correlates with ∆σt. Both observations
suggest that slope is not primarily controlled either by lithology or by change in lithology.
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Figure 5. Relationship between uplift rates and river profiles for three synthetic examples, and
a demonstration of the fidelity of the inversion scheme. (1a) Solid red line shows uplift rate as a
function of geologic time, which was used to calculate river profile; solid black line is uplift rate
retrieved by inverse modelling of river profile. (1b) Solid red and black lines show cumulative
uplift as a function of geologic time (i.e.
∫ t
0 Udt). (1c) Solid red line is river profile calculated
using uplift rate history shown in (1a); solid black line is river profile retrieved by inversion (i.e.
by systematically manipulating uplift rate history using a search algorithm); solid blue line is
the starting solution which assumes that uplift rate history is zero. Note excellent fit between
original and retrieved uplift rate histories. Erosional parameters were fixed during forward and
inverse modelling. (2a–c) Similar combination of forward and inverse modelling using a gradually
declining uplift rate history. (3a–c) Similar combination of forward and inverse modelling using
a two-phase uplift rate history.
Figure 6. Multiple slices through misfit function, which illustrate how the four different
erosional parameters trade off against each other. In each case, misfit function is measured
between calculated and observed river profile for different values of k, v, n and m (see text for
details). Cross-hair symbols indicate location of global minima. (a)–(f) Slices for an immature
(i.e. youthful) river profile. Note trade-off between v, n and m and how value of k is poorly
constrained. (g)–(l) Slices for a mature (i.e. old) river profile. Note differences between the two
misfit functions.
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Figure 7. Monte Carlo inverse modeling of synthetic river profiles, which tests sensitivity of
solutions to changes in erosional parameters. In each case, forward model is run using κ=104 m2
Myr−1, v=50 m1−m Myr−1, n=1 and m=0.5. 100 inverse models are run where erosion param-
eters are randomly assigned values from bounded ranges of values (i.e. 104≤κ≤105, 49≤v≤51,
1.0≤n≤1.05, and 0.49≤m≤0.51). These ranges are small because larger ranges often yield un-
reasonably large residual misfits which are rejected. If misfit between observed and calculated
river profile ≤10, uplift rate and cumulative uplift histories are drawn as solid black lines in
appropriate panel. (1a), (2a) and (3a) Solid red lines = uplift rate histories used to calculate
observed river profiles; solid black lines = uplift rate histories retrived by Monte Carlo inverse
modeling. (1b), (2b) and (2c) Solid red lines = input cumulative uplift histories; solid black
lines = retrieved cumulative uplift histories. (1c), (2c) and (3c) Solid red lines = observed river
profiles; solid black lines = river profiles calculated by Monte Carlo inverse modeling.
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Figure 8. Analysis of Bie´ Plateau (see Figure 1 for location). This topographic swell intersects
West African coastline and has a radial drainage pattern. In main panel, dome topography and
selected rivers are shown. Labels indicate river profiles inverted in this study (1=Cuvo, 2=Longa,
3=Cuanza). Each river was inverted 50 times and erosional parameters were assigned random val-
ues within bounded ranges of values (2×104≤κ≤7×104, 49≤v≤51, 1.0≤n≤1.05, 0.49≤m≤0.51).
These ranges are small because larger ranges often yield unreasonably large residual misfits. This
observation implies that erosional constants must be tightly constrained. (1a) Cuvo river profile
analysis. Thick black line and gray envelope show mean uplift rate history and its uncertainty
which were calculated by Monte Carlo inverse modeling of river profile. Uplift rate histories
within envelope yield acceptable fits to river profile (68% confidence level). (1b) Cumulative
uplift history calculated from uplift rate history. At the present day, net cumulative uplift is
actually 100 m smaller because of sea-level has fallen during Neogene times [Miller et al., 2005].
(1c) Gray band shows observed river profile, associated uncertainty (σi) = ±20 m; dotted line
shows best-fitting theoretical river profiles which was calculated by varying uplift rate history.
Bar pattern along x axis shows riverbed lithologies (see Figure 2). (2a,b,c) Longa river profile
analysis. (3a,b,c) Cuanza river profile analysis.
Figure 9. Analysis of South African Dome (see Figure 1 for location). In main panel, dome
topography and selected rivers are shown. Labels indicate river profiles inverted in this study
(1=Camperdown, 2=Umtentu, 3=Bashee). See Figure 8 for additional details.
Figure 10. Analysis of Namibian Dome (see Figure 1 for location). In main panel, dome
topography and selected rivers are shown. Labels indicate river profiles inverted in this study
(1=Khan, 2=Omaruru, 3=Ugab). See Figure 8 for additional details.
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Figure 11. Analysis of Hoggar Dome (see Figure 1 for location). In main panel, dome
topography and selected rivers are shown. Labels indicate river profiles inverted in this study
(1=Falesles, 2=Ti-n-Dahar, 3=Irharhar). See Figure 8 for additional details.
Figure 12. Analysis of Tibesti Dome (see Figure 1 for location). In main panel, dome
topography and selected rivers are shown. Labels indicate river profiles inverted in this study
(1=Ye´oige´, 2=Tijitinga, 3=Sisse). See Figure 8 for additional details.
Figure 13. Comparison between predicted and published cumulative uplift histories of the
five analyzed domes. (a) Bie´ Plateau: gray band = cumulative uplift history calculated from
Cuvo river; other symbols refer to independent uplift estimates (see key at bottom right). (b)
South African Dome: gray band = cumulative uplift history calculated from Camperdown river.
Solid circles with error bars include ∼ 500 m of pre-Cenozoic topography dated from analysis
of erosion surfaces [Partridge and Maud , 1987; Partridge, 1998]. Open circles disregard pre-
Cenozoic topography. (c) Hoggar Dome: gray band = cumulative uplift history calculated from
Falesles river. (d) Tibesti Dome: gray band = cumulative uplift history calculated from Sisse
river. (e) Namibian Dome: gray band = cumulative uplift history calculated from Ugab river.
Thin black lines and right-hand y axis show crustal cooling estimates based upon apatite fission
track analyses [Luft et al., 2003]. Horizontal dashed line = 60 ◦C partial annealing zone below
which annealing behaviour is not well understood [Raab et al., 2005]. In (c) and (d), open
boxes indicate periods of magmatic activity [Thorpe and Smith, 1974; Ashwal and Burke, 1989;
Wilson and Guiraud , 1992; Gourgaud and Vincent , 2004; Lie´geois et al., 2005; Permenter and
Oppenheimer , 2007].
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Figure 14. Sensitivity tests, which show effects of varying m on calculated uplift rate histories
for the Cuvo river, Bie´ dome. (1a)–(1c) Calculated uplift rate history, cumulative uplift, and
calculated/observed river profile. Monte Carlo inversions were carried out as before with median
values of v = 3.8 m1−m Myr−1, m = 0.7, n = 1 and κ = 105 m2 Myr−1. Uncertainty bands for
erosional parameters as before. (2a)–(2c) Monte Carlo inversions carried out with m = 1.0 and
v = 0.125. (3a)–(3c) Monte Carlo inversions carried out with m = 1.2 and v = 0.0125. In each
case, note that geologically reasonable uplift rate histories can only be obtained by varying m
and v together.
Figure 15. Look-up chart for estimating timing of uplift events directly from knickpoint
distances along river profiles. Amplitude of an uplift event can be estimated from knickpoint
height. Erosional parameter values are v = 50 m1−m Myr−1, m = 0.5, n = 1 and κ = 105
m2 Myr−1. (a) River length plotted as a function of knick point distance. Numbered lines are
isochrons in Myrs which yield timing of uplift event for a given river length-knickpoint distance
pair. Magnitude of uplift event is given by knickpoint height. Open circles = knickpoint estimates
for 2 rivers from Bie´ dome (Figure 8); open triangles = knickpoint estimates for 3 rivers from
South Africa dome (Figure 9); solid circles = knickpoint estimates for Cuvo River. (b) Cuvo
River, Bie´ dome. Solid circles are two knickpoint estimates used in (a).
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